Supersaturation, homogeneous nucleation, and subsequent bubble growth and motion in immiscible liquid layers induced by counterdlffuslon of gases at different temperatures are studied analytically. The range of the critical embryo size to initiate transient nucleation is determined between spontaneous and infinitely-slow nucleation. In addition, the ranges of bubble departure size and terminal rising velocity are evaluated together with the degree of superheat required for heat transfer to be the controlling mechanism. Numerical results are obtained for two special cases: (i) a composite with negligible surface resistances to heat and mass transfer, and (ii) a composite with one side insulated. The mechanics of mlcroexploslon of emulsions is explained.
Introduction
An Immiscible liquid mixture exists in nature as well as in industry.
For example, oil-water mixtures are observed in reserve underground or on the sea by accidental oll spills. In industry, water-ln-oll (W/O) emulsions may be utilized in conventional liquid-fueled combustors for the purpose of reducing the various undesirable heterogeneous effects such as soot, smoke, and nitrogen oxides and enhancing beneficial effects such as saving fuel. Dryer [i] presented a historical review (up to 1976) on the applications of water addition to practical combustion systems and discusses in detail the fundamental aspects of combustion which are affected. Recent studies on the combustion of emulsified droplets are numerous, for example references i-ii.
The effects of water addition on combustion can roughly be classified as (i) Ii chemical kinetic (or dilution) effects that result in reductions in the formation of soot and NO formation and (ii) physical (or micro-explosion) x effects that result in a secondary atomization process, shorter droplet lifetime and combustion time, a more uniform charge for combustion, and an upper bound on the droplet temperature. The phenomenon of micro-explosions of oil/water emulsion droplets suspended on fibers was first discovered by Ivanov and Nefedov [9] and recently observed by Dryer et al [i0] and Jacques et al [3] . It constitutes a secondary atomization process caused by heterogeneous nucleation at the suspension fiber. The free secondary droplets produced through fiber-induced explosions undergo tertiary explosions [i0] caused by homogeneous nucleation within the liquid phase. Thus, the existence of micro-explosions in both suspended and free droplets of emulsified liquid mixtures is confirmed. However, there is a marked difference in the microexplosion phenomena between free and suspended emulsified droplets because the presence of the suspended filament changes the internal phase structure of the droplet. Free droplets are realistic in industrial applications although suspended droplets are often observed in experiments.
The characteristics of nuclear pool boiling from a horizontal wire to various emulsions were empirically determined by Mori et al [12] . Aside from shifting in the boiling curve in the presence of internal phase droplets, their important discoveries include (i) surface (heating) temperature overshooting at the inception and cessation of boiling and (ii) occurence of phase inversion (from O/W to W/O type) or oil separation during the course of raising surface heat flux as evidenced by a jump in the surface temperature. These indicate some basic differences in the processes of nucleation and bubble growth to exist in the suspended and free emulsions in heating.
Experimental study on steady-state isothermal counterd~ffusion of twn gases in immiscible liquid layers [13, 14] detected the formation of bubbles at the liquid-liquld interface. A theoretical analysis yielded a crude qualitative criterion for bubble formation. However, repeated seeding at the liquid-liquid interface by adding artifical nuclei in the form of crushed glass particles produced continued bubble evolution in the composite layer. Law [5] proposed a model for the combustion of oil/water emulsion droplets. It is essentially identical to the model for the combustion of pure fuel droplets with more modifications or restrictions: (i) the entire system is assumed to be at steady state, (ii) the droplet temperature (at its maximum) and concentration are constant and uniform throughout the liquid phase with Vol. 8, NO. 1 Both heat and mass balance equations read:
provided the T~ _ and ~j are replaced by Pi~ _ and Kij respectively in the latter case. They are subject to the appropriate initial and boundary conditions:
With Tj, kj, hj replaced by Pij' Kij' hDj' respectively in the mass transfer Laplace transform on the expressions with hyperbolic functions being approximated by series expansion with the first two terms retained. One thus obtains:
a.
-c. t
It must be noted that all coefficients are x-dependent. The instantaneous total pressure distribution P. in the composite is the summation of the 3 partial pressure profile of i.
The thermodynamic equation of Clausius-Clapeyron which represents the equilibrium pressure curve of more volatile liquid reads:
Here, Pv' Tv' and 0v signify the partial pressure, temperature and density of the vapor phase of more volatile liquid in an embryo, respectively, T v is approximated as T~ at the location of the embryo, while P~ is the pressure of the liquid surrounding the embryo which is treated as P . T denotes the o s saturation temperature o~ more volatile liquid at P~ and is thus equal to T o .
The Laplace-Kelvin equation relates the internal-to-external pressure difference and the equilibrium radius of an embryo r:
The embryo must reach a critical size r to initiate a spontaneous growth. It e is assumed that the vapor and gases within the nucleus or bubble behave ideally and obey the thermodynamic equation of state for perfect gases.
The maximum total pressure in the composite occurs at the liquid interface, x=o. With the combination of Eqs. (8) and (9) and the instantaneous total pressure and temperature variations in the composite, one finds the location of nuceation, which corresponds to the location of the maximum total pressure in the composite, to be at the liquid interface x=o.
When the first cirtical embryo is formed, it will attempt to grow from this radius to its next stable radius [22] .
The waiting time t required for e an embryo to grow to the critical size r is found to be: e [~ = (JI-NI e-te)AT * + (JAI-NAI e -Elte) + (JB2-NB2 e -E2te)
The first term on RHS of Eq. (i0) represents the contribution of heat transfer, while the other two terms are those by the diffusion of gases A and B, respectively. When r e and t e are replaced by r and t, respectively, Eq. (i0) describes the time history of growth of an embryo to its critical size r . Two bounding cases of the nucleation corresponding to t ÷o and e , e infinitely slow nucleation as t ÷oo.
Equation (i0) gives the condition of e spontaneous nucleation as:
bAl bB2 * The equation predicts the critical AT for a specified mass diffusion below which spontaneous nucleation of an embryo to become a nucleus of the * radius r is impossible.
In the other extreme case of t ÷oo, Eq. (I0) e e g ives : re = Jl AT + JAI + JB2 (12) which represents the criterion for an infinitely slow nucleation process.
Equations (ii) and (12) 
and:
respectively.
equation of state and Claypeyeon equation (8) gives:
The application of mass conservation principle, thermodynamic P T P oo s x
Equations (16), (17) , and (18) 
When a bubble grows to a critical size R c at the liquid interface of a horizontal layer composite, it begins to rise through the upper liquid layer.
R c can be determined by a simple balance between the buoyancy and hydraulic force and the aid of Eq. (6) as:
The restriction of the arguement of logarithms in Eq~ (20) Figure 2 illustrates the waiting time for nucleation t e versus the critical radius r for both cases 1 and 2. For a ,e given AP, and increase in AT signifies higher heat transfer through the system, while a high r indicates the formation of a small nucleus.
It is observed in e , the figure that a system of higher AT requires less time to produce a given size of nucleus.
In other words, a small nucleus may exist in a system with high AT . One also observes an increase in AT is characterized by a steeper r -t curve and a broader range of r or r A comparison of the results e e , e e" , shows that r of case 2 is an order of magnitude higher that r of case i, e e suggesting the possibility of a very rapid nucleation in case 2 or in a water/oil emulsified droplet.
Since the critical nucleus size r e in case 1 is an order of magnitude larger than that in case 2, it is easier for a nucleus to exist in case 2, even at a very small size. On the other hand, an embryo in case 1 needs higher AT to nucleate. AT =o corresponds to pure mass transfer process, while short horizontal lines at right indicate asymptotic values at infinite time.
The two values of r at t =o and t =oo define the e e e range of r e for a given AT , as specified by equation (13) .
The effects of LI/L 2 on the critical size r and the waitin~ time t e are studied for T =30 and Lo=l mm.
In both cases, an increase in LI/L 2 causes a substantial reduction in re, namely an enlargement of the critical size.
Thickening of layer I with an increase in LI/L 2 results in a longer time required for heat or mass penetration and thus a loner waiting time for nucleation of a given critical size. From the definition of bi, one finds that an increase in ~i/~2, DAI/DA2 or DB2/DBI results in a shorter waiting time for nucleation due to an enhancement in heat or mass diffusion through liquid i.
The effects of these physical parameters on r and t are stronger in case 2 e e than case i.
Of most importance is Fig. 3 illustrating the criterion for spontaneous nucleation which corresponds to zero waiting time or Eq. (II).
It requires much higher AT in case i than case 2.
It is disclosed but not illustrated here due to page limitation that the growth curves for cases l and 2 are distinctly different: concaving upward in case 1 but concaving downward for case 2. In both cases, bubble growth rate is directly proportional to~T',~PAI and APB2 for both zero and infinite time, In case a composite is placed in horizontal position, a bubble begins or R The time required to rise after it has grown to a certain size R c c , after the initiation of the transient heat and mass transfer processes t c is , related to the departure size R as shown in Fig. 4 , a plot of Eq. (20) . As c expected, case 2 takes shorter waiting time than case i for the same departure size because of higher bubble growth rate. 
